In plants, post-transcriptional gene silencing results in RNA degradation after transcription. Among tobacco transformants carrying a nitrate reductase (Nia) construct under the control of the cauliflower mosaic virus 35S promoter (35S-Nia2), one class of transformants spontaneously triggers Nia post-transcriptional gene silencing (class II) whereas another class does not (class I). Non-silenced plants of both classes become silenced when grafted onto silenced stocks, indicating the existence of a systemic silencing signal. Graft-transmitted silencing is maintained in class II but not in class I plants when removed from silenced stocks, indicating similar requirements for spontaneous triggering and maintenance.
Background
Transcriptional and post-transcriptional gene silencing (PTGS) occurs in plants. Transcriptional silencing correlates with promoter methylation [1, 2] , and closely resembles nuclear epigenetic phenomena such as methylation induced premeiotically (MIP) in the filamentous fungus, Ascobolus immersus [3] , and dominant position effect variegation in the fruitfly Drosophila [4] .
PTGS [5] , referred to as cosuppression in plants [6] or quelling in fungi [7] , inactivates homologous host genes and transgenes. PTGS occurs through the activation of a specific mRNA degradation process, but not by reducing the transgene transcription rate [5] . Consistent with this RNA-dependent hypothesis, PTGS causes homologydependent resistance against cytoplasmic RNA viruses [8] .
Initiation of PTGS is poorly understood. In some systems, the frequency of PTGS initiation correlates with the level of transgene transcription, suggesting that initiation may be triggered once a threshold level of RNA is reached [9] . Alternatively, PTGS may be initiated by interactions between homologous loci at the DNA level [10] . This latter model might explain examples of PTGS with promoterless transgenes [11] . In principle, PTGS may be initiated by several means that are not mutually exclusive [9, 10, 12] .
Cosuppression of nitrate reductase (Nia) host genes and transgenes has been previously characterised as PTGS [13] . Among 43 tobacco transgenic lines carrying an Nia2 construct under the control of the cauliflower mosaic virus (CaMV) 35S promoter, 33 lines did not spontaneously trigger Nia cosuppression, and have been designated as class I [14] . The remaining 10 lines spontaneously triggered Nia cosuppression, with a varying frequency between lines [15, 16] . These lines have been designated as class II [14] . Non-transformed lines are described as class 0. Nia cosuppression is visible as loss of chlorophyll so that leaves appear yellow (chlorosis). This chlorosis facilitates the detection and study of PTGS throughout the plant's development and life cycle.
We observed previously that stochastic initiation of silencing in a localised area of a leaf spreads to the whole plant, suggesting that a non-cell-autonomous process may be involved [17] . We showed that Nia silencing could be transmitted by grafting from silenced stocks to non-silenced scions of class II plants. A sequence-specific graft-transmissible silencing signal was also demonstrated for nitrite reductase (Nii) and β-glucuronidase (UidA) PTGS [18] . We therefore defined this effect as systemic acquired silencing (SAS). Further analyses revealed that non-silenced 35S-Nia2 plants of both class I and class II, but not class 0, become silenced when grafted onto silenced class II stocks. When removed from silenced stocks, however, only scions of class II and not scions of class I plants were able to maintain silencing [14] , suggesting similar requirements for initiation and maintenance of PTGS.
Here, we show that local bombardment of plasmids that contain Nia2 coding sequence into tobacco plants resulted in a localised acquired silencing (LAS) in and around the bombarded cells. LAS only progressed to SAS in class II plants, thus phenocopying the regular pattern of Nia cosuppression. In these plants, promoterless Nia2 DNA triggered silencing, indicating that DNA itself can initiate PTGS. Reducing the length of DNA sequence homology or the quantity of the bombarded construct decreased the LAS and SAS frequency, indicating that a dosage effect is involved in the production of the silencing signal. The pattern and time-course of LAS and SAS provided additional data concerning the propagation and the maintenance of the systemic silencing signal. Taken together, these data indicate that SAS involves production of a silencing signal by one or a few cells, transmission of this signal, and signal reamplification in receiving cells.
Results

Biolistic activation of systemic Nia cosuppression in nonsilenced transgenic 35S-Nia2 plants
We investigated whether local introduction of extra Nia2 copies into a plant expressing the 35S-Nia2 transgene could initiate systemic cosuppression. Plasmid DNA containing the Nia2 gene under the control of the double enhancer of the CaMV 35S promoter (70-Nia2) was bombarded into the meristem and leaf primordia of nonsilenced individuals of two transgenic lines (30-46.7 and 30-91.3). These lines exhibit spontaneous cosuppression at low frequency (12% and 10%, respectively). In both lines, chlorotic spots appeared on newly developed leaves 12 to 15 days post-bombardment (dpb; Figure 1a ). Chlorosis spread progressively into the upper leaves of the plant, invading first the veins (Figure 1b ) and then the interveinal tissues. Eventually, upper leaves became completely chlorotic (Figure 1c) . In both lines, localised introduction of the 70-Nia2 construct triggered silencing with high efficiency (Table 1) .
Accumulation of Nia mRNA in different tissues of a bombarded plant was examined by RNA gel blot analyses ( Figure 2) . Nia mRNA accumulation was dramatically reduced in chlorotic tissues and in roots, suggesting that silencing had spread throughout the plant. Bombardment of naked tungsten particles or particles coated with a 70-UidA transgene never led to Nia cosuppression ( Table 1 ), indicating that neither bombardment-associated stress nor the introduction of a 35S promoter initiated cosuppression. Therefore, the sequences required to initiate systemic Nia cosuppression by bombardment are likely to be specific to the transcribed region.
To further define propagation of PTGS, restricted areas (< 1 cm 2 ) of a single developed leaf, rather than meristems and leaf primordia were bombarded. A chlorotic spot was first visible in the bombarded area at 12-15 dpb. Chlorosis radiated outwards from this spot to a limited area of about 1 cm 2 . These data strongly suggest localised cell-to-cell movement of a silencing signal. This LAS was frequently followed by SAS (Table 1) . SAS first affected leaves that were directly above the bombarded leaf, and only later affected leaves on the other side of the plant. Chlorosis initially occurred in the veins, sequentially affecting primary, secondary and tertiary veins following previous vein classifications [19] . Chlorosis subsequently spread to mesophyll cells. This pattern was identical to that observed in spontaneous Nia cosuppression [17] . These data suggest that the silencing pattern was influenced by both plant phyllotaxis and leaf development stage as described previously for CaMV long-distance movement [20] and photosynthate source-sink relationships [21] .
SAS occurs only in class II Nia2 transgenic lines
The 70-Nia2 construct was bombarded into class 0, I and II plants. Occasionally, at 15 dpb, very small chlorotic spots were observed in the bombarded area of wild-type (class 0) plants ( Figure 1d ). These spots remained localised and never evolved into chlorotic patches ( Figure 1e ). The diameter of these chlorotic spots was much smaller than that observed on bombarded class II transgenic plants. Chlorotic spots appeared on bombarded class I plants, with no discernible differences in efficiency, diameter, or timing compared with class II plants. SAS never followed LAS in plants of class I or class 0, however ( Table 2 ). These results suggest that progression from LAS to SAS is determined by the ability of non-bombarded cells to transmit and to amplify the silencing signal they receive from bombarded cells.
Time-course of the systemic silencing signal
The time-course of bombardment-induced systemic silencing was investigated by removing bombarded leaves of class II plants at 0, 2, 4, 6, 8 or 10 dpb ( Figure 3 ). SAS was observed in 20% of plants from which the bombarded leaf was removed at 2 dpb. Two days are therefore sufficient for the initial production and transmission of the systemic silencing signal through the vascular tissues.
Similar conclusions were drawn from grafting experiments designed to determine the time-course of the graft-transmissible silencing signal ( Figure 3 ). Nonsilenced scions were grafted onto silenced stocks, removed 2, 5, 7, 9 or 11 days later, and regrafted onto wild-type plants. In these experiments, cosuppression was triggered in 20% of the scions after 5 days. These data are in accordance with the bombardment assays since at least 3 days are necessary for vascular tissues to connect in the graft union [22] . Class II plants showing bombardment-induced SAS or transient grafting-induced SAS continued to exhibit silencing throughout their vegetative life, despite the absence of the primary source of silencing. Thus, cells that received the silencing signal reamplified this signal to maintain Nia cosuppression.
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The efficiency of LAS and SAS is dependent on the concentration and length of bombarded DNA
To delineate the sequences required for the initiation of systemic Nia cosuppression, a series of deletions were made from the 3′ end of the 70-Nia2 construct and bombarded onto non-silenced class II plants (Figure 4 ). Constructs 1, 2 and 3 caused high frequency of LAS and SAS. Construct 4, however, which carries only 247 bp of the 5′ end of the Nia mRNA, frequently triggered LAS, but infrequently caused SAS, suggesting that the region deleted in construct 4 (+247 to +360 bp) may play a role in systemic propagation of PTGS. Construct 35S-∆Nia2, which contains Nia2 cDNA deleted from positions +200 to +368 downstream of the 35S promoter [23] , was used to investigate further the role of this region. Bombardment of 35S-∆Nia2 and 70-Nia2 constructs caused LAS and SAS, indicating that the sequence between +200 and +368 is not essential for SAS. To confirm this result, we generated a series of deletions at the 3′ end of the 35S-∆Nia2 construct (Figure 4 , constructs 5 and 6). Bombardment of construct 5 resulted in LAS and SAS, whereas construct 6 (carrying only 235 bp of the 5′ end of the Nia mRNA) induced LAS and weak SAS. These results confirm that the sequence between +200 and +368 is not essential for SAS. They also indicate that reducing the overall length of the bombarded construct results in a progressive loss of SAS.
Constructs 7-10 contain a series of deletions from the 5′ end of the Nia2 cDNA (Figure 4 ). Constructs 7 and 8 initiated LAS and SAS, whereas construct 9 did not elicit SAS. Construct 10 produced no chlorosis at all. Therefore, it is unlikely that consensus sequences required for systemic Nia cosuppression exist, as non-overlapping fragments can trigger cosuppression.
Construct 6 was used to assess whether the efficiency of LAS and/or SAS induction correlates with the amount of bombarded DNA. Construct 6, which carries only 235 bp of the 5′ end of the Nia2 mRNA, and induces weak LAS and SAS, was bombarded using 2.4 µg DNA instead of 0.8 µg per shot. This change in the amount of DNA increased the proportion of plants showing SAS from one to eight out of twenty plants (data not shown). The same correlation was observed using the 70-Nia2 construct. Reducing the amount of 70-Nia2 DNA to 0.6 µg per shot still allowed the induction of LAS and SAS, whereas 0.2 µg induced only LAS, and 60 ng did not induce chlorosis. These data strongly suggest that production of the systemic silencing signal depends directly on the amount of introduced DNA.
Systemic Nia cosuppression is triggered by sense, antisense and promoterless Nia2 DNA constructs All of the constructs tested above contained a functional promoter and produced sense Nia2 RNA. To test whether DNA or RNA triggered systemic Nia cosuppression, sense, antisense or promoterless Nia2 DNA constructs were tested. The 35S-driven antisense Nia2 DNA construct consisted of 918 bp of the 5′ end of the Nia2 cDNA downstream of the 35S promoter. Promoterless Nia2 constructs contained full-length Nia2 cDNA in Bluescript (pBS) or pUC vectors, or the PCR-amplified Nia2 cDNA. All of these constructs triggered both LAS and SAS (Table 3) , although differences in the timing and efficiency were 62 Current Biology, Vol 9 No 2 Number of days observed. LAS was observed at 7-10 dpb using the antisense constructs, 12-15 dpb using the sense constructs and 14-16 dpb using the promoterless constructs. The efficiency of SAS was also affected; 100%, 90% or 70% of the bombarded plants showed SAS using antisense, sense and promoterless constructs, respectively (Table 3) .
Discussion
Using biolistic assays, we have investigated the initiation, propagation and maintenance steps of cosuppression.
Initiation of silencing
Biolistic introduction of plasmid DNA sharing homology with the Nia2 mRNA initiated systemic Nia2 cosuppression in class II plants. Cosuppression was initiated by PCR products of the Nia2 cDNA, suggesting that the DNA alone may be sufficient to activate PTGS. The introduced DNA molecules could interact directly with either host Nia genes or 35S-Nia2 transgenes. Direct DNA-DNA pairing has been proposed to explain how multicopy transgenes trigger silencing [10] . DNA-DNA interactions could modify transcription, leading to the production of aberrant RNA. These aberrant RNAs could be used as a template by the cellular RNA-dependent RNA polymerase to produce complementary RNA (cRNA) [24] . Subsequently, duplex RNA structures could be formed between cRNA and mRNA, or between aberrant RNA Research Paper Activation of systemic acquired silencing Palauqui and Balzergue 63 Table 3 Nia cosuppression induced by sense, antisense and promoterless Nia2 DNA constructs.
Constructs Transgenic line LAS SAS
Nia2 cDNA PCR-30-46. and mRNA if complementary sequences exist [25] . Finally, these duplex RNA structures may be degraded by double-stranded-specific RNase [24] .
The efficiency of SAS using promoterless Nia2 constructs was lower than with 35S-Nia2 sense constructs. This result suggests that certain RNA species (either sense or antisense RNA) may influence the initiation process. Recent data concerning RNA interference in Caenorhabditis elegans have shown that microinjection of doublestranded RNA (dsRNA) was substantially more effective in producing interference than either strand individually [26] . DsRNA may also initiate SAS in plants. This could explain why 35S-Nia2 antisense constructs activate SAS more efficiently; 35S-Nia2 antisense constructs may produce antisense RNA, which directly forms dsRNA with host and transgene mRNA. In contrast, 35S-Nia2 sense or promoterless Nia2 constructs may only activate SAS through direct DNA-DNA and/or DNA-RNA pairing, leading to the production of aberrant RNAs and indirectly to dsRNA.
We observed that deletion of the 5′ or the 3′ end of the Nia2 cDNA resulted in a progressive loss of SAS, supporting the proposal that sequence lengths rather than consensus sequences account for the variation in silencing efficiency [7, 27] . It is possible that a reduction in the length of sequence homology or of DNA concentration quantitatively or qualitatively alters the signal, so that silencing is not triggered or maintained. Similarly, reducing the concentration of injected dsRNA in C. elegans results in reduced propagation of RNA interference [26] .
Propagation of silencing
Biolistic initiation of silencing led to the production of both a cell-to-cell and systemic silencing. Nicotiana benthamiana plants that express a green fluorescent protein (GFP) transgene also develop systemic GFP silencing following local initiation of PTGS [28] . In C. elegans, RNA interference is not restricted to the injected cell, arguing for propagation of the interference phenomena [26] .
Although the nature of the silencing signal is not known, the sequence specificity of silencing strongly suggests the involvement of nucleic acid [29] . There are a few examples in plants of cell-to-cell movement of endogenous nucleic acid. The KNOTTED transcription factor and its corresponding mRNA, as well as sucrose transporter mRNA, move from cell to cell [30, 31] . The movement of the systemic silencing signal also resembles virus or viroid movement, as these pathogens move both from cell to cell and through the phloem, and are also graft-transmissible [32, 33] .
Maintenance of silencing
Bombardment of plasmid DNA induced weak LAS, but not SAS, in wild-type plants, suggesting that some of the bombarded cells may behave as cells of class II plants and trigger local silencing. The silencing signal produced by these few silenced cells does not propagate to the neighbouring wild-type cells, however, because the wild-type cells are not able to undergo silencing as shown previously by grafting experiments [16] . A local gene-silencing signal has also been shown to be activated by bombardment of a movement-defective viral vector targeting an endogenous gene [34] .
Class I transgenic 35S-Nia2 plants exhibited LAS but not SAS after bombardment. These plants were, however, subjected to Nia mRNA degradation when grafted onto a Nia2-silenced root stock. Removing the class I scion from the silenced root stock removed silencing in the newly developing leaves of the scion [16] . These results suggest that a silencing signal generated in class I bombarded cells degrades Nia mRNA in the neighbouring cells, but that this signal is not reamplified and is progressively diluted and lost. Cosuppression therefore remains restricted to a small area.
Class II plants exhibited LAS and SAS after bombardment, and maintained silencing after transient graft induction [16] . Therefore, the silencing signal not only initiates RNA degradation in class II cells, but also induces permanent production of the silencing signal. This result was supported by the time-course experiment ( Figure 3 ). Once induced, cosuppression is systemic, and permanent in class II plants.
Conclusions
Local introduction of Nia2 DNA into non-silenced class II 35S-Nia2 transgenic plants efficiently activates SAS that mimics spontaneous silencing. The induction of SAS is likely to involve three steps. In the first step (initiation), silencing is triggered in one or a few cells, leading to production of a sequence-specific silencing signal. Initiation may occur spontaneously at low frequency due to stochastic alteration of transgene transcription, or it may be induced at high frequency by biolistic introduction of homologous DNA and subsequent alteration of transgene transcription by DNA-DNA or DNA-RNA pairing. In the second step (propagation), there is cell-to-cell and longdistance vascular movement of the systemic silencing signal. In the third step (maintenance), the systemic silencing signal alters transgene transcription in a manner similar to the original initiation event, allowing permanent production of signal. This reamplification step causes maintenance of the signal in the absence of the initiator.
Striking parallels can be made between the properties of the systemic silencing signal, the ability of viruses to invade plant cells, and the ability of plants to combat virus infection. Recent reports of natural RNA-mediated resistance against viruses suggest a connection between virus infection and gene silencing [35, 36] . Plants may therefore have developed post-transcriptional strategies against viruses. Conversely, plant viruses may have developed counter-strategies to permit invasion despite the plant defenses. Further investigations are needed to highlight the nature and regulation of the signal. Such studies may have wide implications for plant signalling and for the control of gene expression in other eukaryotes.
Materials and methods
Plasmid constructs
Deletion constructs: plasmid 70-Nia2 contains positions -40 to +7000 of Nia2 genomic DNA [37] expressed from the duplicated enhancer of the CaMV 35S promoter in plasmid pCa2 [38] . Constructs 1, 2, 3 and 4 were derived from 70-Nia2 plasmid by digestion with BamHI, KpnI, EcoRII or ScaI and self-ligation respectively. Plasmid 35S-∆Nia2 carries a 4.35 kb Nia2 cDNA fragment with a 5′ end 168 bp deletion downstream of the CaMV 35S promoter in pBinDH51 [23] . The 35S-∆Nia2 construct was modified by BamHI or KpnI digestion and religation to form construct 5 and construct 6, respectively. Constructs 7, 8, 9 and 10 were derived from plasmid pCsl16, which carries the complete Nia2 cDNA [39] . A BamHI-SalI, EcoRI-SalI, PstI-XhoI, or a XhoII-SalI fragment from pCsl16 were cloned into pJK [40] , downstream of the CaMV 35S promoter, with a duplicated enhancer provided by plasmid pLBR19 (Tony Michaels, personal communication) in a tri-molecular ligation to form construct 7, 8, 9 and 10, respectively.
Promoterless constructs: a complete Nia2 cDNA obtained by SstI-SalI digestion of pCsl16 was ligated into the SstI-SalI sites of pUC vector, generating pUC-NR. An SstI-PstI digestion of pCsl16 was cloned into pJK, generating p512. PCR amplification of a partial Nia cDNA was performed on p512 DNA using M13 forward (5′-GTAAAACGACG-GCCAGT-3′) and M13 reverse (5′-AACAGCTATGACCATG-3′) primers in standard PCR conditions, generating a 2.8 kb DNA fragment.
Antisense construct: the Nos terminator from pBI221 [41] was cloned as an SstI-EcoRI fragment at the SstI, EcoRI sites of pCa2. The 5′ end SstI-BamHI fragment of the Nia2 gene (+1 to +918) was then cloned in antisense orientation between the 35S promoter of the CaMV and the Nos terminator.
Plant material
The transgenic tobacco lines 27-8.9, 27-44.3, 34-19.4, 30-91.3 , and 30-46.7 are homozygous for one 35S-Nia2 transgene locus [20, 21] . The frequencies of Nia cosuppression for each transgenic lines are 0%, 0%, 0%, 10% and 12%, respectively [23] . Wild-type tobacco plants (cultivar, paraguay PBD6) were used as bombardment controls and grafting stocks.
Bombardment technique
Six-week-old tobacco plants were bombarded either on meristem and leaf primordia or on single developing leaves. Each DNA construct (4 µg) was precipitated onto 0.2 mg freshly sonicated tungsten particles (M-17 Biorad) suspended in 95% ethanol. Particles were delivered by helium gas acceleration, as described previously [42] .
Plant analyses
Silencing was monitored by the appearance of chlorotic spots and interveinal leaf chlorosis [17] . Silencing was also confirmed by RNA gel blot analysis using the Nia2 cDNA probe, as described previously [15] .
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